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Research Article 

(3-glucuronidase activity 
determination as an indirect estimate 
of Escherichia coli: development of a 
miniaturized assay and its application 
to seawater samples 


Abstract 

Background: The search of rapid methods for the detection of Escherichia coli in coastal marine 
waters is a topic of scientific interest to evaluate potential risks to human health related to their low 
bacteriological quality. 

The context and purpose of the study: A miniaturized assay for the analytical determination of p- 
glucuronidase activity in seawater as a selective marker of Escherichia coli was developed by using the 
chromogenic Indoxyl-p-D-glucuronide (IBDG) substrate. This compound is specifically cleaved by E. coli, 
releasing an insoluble chromophoric blue-indigo product that precipitates and is measured at 450 nm 
wavelength by a microplate reader. 

Results: After its preliminary optimization, the enzymatic assay was applied to the analysis of 
seawater samples and enabled to discriminate them according to their pollution level. 

Main findings: The first obtained data proved the suitability of the developed miniaturized enzymatic 
assay for fecal contamination monitoring. It can be used for the detection and indirect quantification of £. 
coli, without the need for confirmatory steps. 

Conclusions: This study suggests that the proposed analytical protocol is suitable for £. coli 
monitoring in seawater, and provides in a short time (i.e. 2 hours from sampling) results which are in 
agreement with the standard culture counts. 

Brief summary: The results obtained with the developed IBDG protocol encourage its use for 
environmental quality assessment. 

Any potential implications: The possibility to obtain near "real-time” data on the occurrence and 
distribution of anthropogenic inputs makes this method a simple and quick tool for early warning 
detection of marine fecal pollution. 


Abbreviations 

E.coli: Escherichia coli; IBDG: Indoxyl-p-D-glucuronide; O.D: 
Optical Density; U: enzymatic units; CFU: Colony Forming 
Units, V max : Maximal Velocity of the enzymatic reaction 

Introduction 

Multiple human activities that coexist in coastal areas cause 
significant threats to both the whole marine environment and 
human health [l]. The overall quality of bathing sites may 


be affected by many pollution sources such as urbanization, 
agricultural activities, harbour activities, waste discharges, 
industry; a complete environmental management needs the 
availability of specific and quick tools, able to provide integrated 
information on the level of contamination and pollution and 
its consequences for the health of coastal areas [2-4]. Since 
2006 the new European Directive for the quality of bathing 
waters underlines the concept of active management of coastal 
areas vulnerable to contamination, paying attention to the 
responsibility for routine monitoring and remediation of such 
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areas. In seawater quality monitoring, rapid microbiological 
methods relying on biochemical or molecular approaches 
offer new interesting perspectives for the determination of 
Escherichia coli, which is universally recognised as the most 
suitable indicator of fecal contamination [5-9]. Typically, 90 to 
95% of £. coli strains possess the gene for ( 3 -glucuronidase, and 
therefore this enzyme activity has been traditionally regarded 
as a selective marker for rapid detection of this microorganism 
[10]. Since the last decade, a variety of chromogenic and 
fluorogenic substrates have been formulated and proposed 
in the bacterial diagnostic as an attractive tool to quickly 
identify specific microorganisms [11-12], by their inclusion 
as components in both solid and liquid culture media. They 
proved to be successful for the analysis of water, food and 
clinical samples, providing sensitive and specific results [13]. 
Like fluorogenic substrates, widely applied in the monitoring 
of aquatic environmental health [7, 14-15], chromogenic 
substrates produce a visible signal when cleaved by the specific 
enzyme that is present or is being expressed by a specific 
microorganism. In the case of chromogenic compounds, 
however, the reaction product precipitates in the assay mixture 
and can be easily quantified by a photometric method; this 
results in a significant advantage, because it avoids background 
fluorescence due to the spreading of the fluorescent reaction 
product into the culture medium, which is frequently reported 
as a source of biases when using fluorogenic substrates [16- 
18]. 

Experiments were carried out at the laboratory of the CNR- 
IAMC, with the aim of developing a miniaturized method 
for the determination of p-glucuronidase activity rates as 
an indirect estimate of E. coli, by using the chromogenic 
compound Indoxyl-p-D-glucuronide (IBDG). This compound is 
specifically cleaved by E. coli, producing after reaction a water- 
insoluble blue-indigo aglycone product that precipitates and is 
measured at 450 nm wavelength; this makes the observation 
of the reaction product easy, also under normal daylight [19]. 

Materials and Methods 

Preliminary trials for the set up and optimisation of the 
analytical protocol 

For the development of the microassay analytical protocol, 
disposable 96-well, flat bottomed, white polystyrene plates 
(CellStar, Greiner Bio-One Inc., Longwood, FL, USA) and an 
axenic culture of E. coli O125 as the reference strain were used. 

The chromogenic IBDG compound as the enzymatic 
substrate and the p-Glucuronidase enzyme (EC 3.2.1.31) were 
purchased from Sigma-Aldrich, Milan (Italy). In order to find 
the optimal concentrations of both enzyme and substrate, 
preliminary trials were performed, in which the amount of 
IBDG was kept constant (0.5 mmoles) and serially diluted 
amounts of p-Glucuronidase (from 100 to 0.78 Units) were 
added, or, vice-versa, the amount of enzyme was kept constant 
(0.78 Units) and serially diluted amounts of substrate (0.5 
mmoles to 5 pmoles) were added. The combination between 
the concentrations of substrate and enzyme yielding the 
maximum amount of precipitate as the reaction product in 


such preliminary trials was chosen as the working solutions (50 
pmoles and 0.78 U for IBDG and ( 3 -Glucuronidase, respectively) 
in further trials performed using a bacterial suspension of E. coli 
at a concentration of 2.86 x 10 2 cells/ml in sterile physiological 
saline solution. Enzymatic measurements were performed by 
using a Microplate Reader ELx 808 (Biowhittaker, Walkersville, 
MA, USA) at 44.5°C and at 450 nm as the excitation wavelength. 
Optical Density (OD) readings were taken immediately after 
substrate addition, namely at time 0, and at increasing 
incubation times (2, 3.5, 5, 7, 21 hours), in order to evaluate the 
effects of the incubation period on the enzyme expression. The 
microplate wells containing the blue chromophoric product 
were scored as positive by the automatic reader. Taking into 
account the direct molar relationship between the amount of 
the released reaction product and the amount of hydrolysed 
substrate (one mole of product released per one mole of 
hydrolysed substrate), the mean value of OD obtained from two 
replicate wells per each enzyme-substrate combination was 
converted into the amount of enzyme present in the analysed 
sample volume (20 pi). However, the first results obtained 
using this approach were unclear and scarcely reproducible; 
this led us to adopt an alternative procedure, in which multiple 
concentrations of the IBDG substrate were added to the sample. 

Protocol of the enzyme assay 

A constant volume (20 pi) of E. coli suspension (2.86 x 
to 2 cells/ml) and variable volumes of IBDG substrate (stock 
solutions from 5 pmoles to 0.5 mmoles) were dispensed into 
each well of a microplate, so obtaining final concentrations 
ranging from 0.5 to 50 pmoles. Phosphate buffered saline 
(PBS) pH 7.0 was added to each well in variable amounts, until 
a final volume of 200 pi per well was reached. The scheme of 
the optimized enzymatic assay protocol is reported in table 
1. All reactions were performed in duplicate wells. A sample 
control (culture+ PBS buffer) was added; known amounts of 
substrate (from 0.5 mmoles to 5 pmoles in PBS) were used for 
the calibration of the microplate reader. Incubation conditions 
(both temperature and times) were the same as those applied 
in the preliminary trials. The increase in OD values per hour 
was converted into V max and expressed in micromoles of 
product released per too ml of sample and per hour. 

Specificity test 

In order to exclude false-positive results due to the 


Table 1 : Scheme of a miniaturised |3-glucuronidase assay by using the chromogenic 
IBDG substrate. 


E. coli suspension 
(hi) 

20 

20 

20 

20 

20 

20 

20 

IBDG substrate (pi) 

20* 

40* 

100* 

20§ 

40§ 

100§ 

20** 

PBS buffer (pi) 

160 

140 

80 

160 

140 

80 

160 

Total volume (pi) 

200 

200 

200 

200 

200 

200 

200 

Final substrate 

concentration 
(pmol P) 

0.5 

1 

2.5 

5 

10 

25 

50 


* at a 5 pmol P concentration 
§ at a 50 pmol P concentration 
**at a 0.5 mmol P concentration 
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possible interference of not-coliform bacteria [18] on the right 
interpretation of the data, a specificity test was carried out using 
axenic cultures of Enterobacteriaceae strains other than E. coli, 
such as Klebsiella pneumoniae, Shigella flexneri, Enterobacter sp., 
Salmonella gallinarum, S. typhi, S. typhimurium, Proteus mirabilis, 
as well as an environmental isolate of Vibrio sp. Bacterial 
suspensions in sterile physiological saline with an initial cell 
concentration of to 6 cells ml 1 (as estimated after staining with 
4',6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, Milan, 
final concentration to pg ml‘according to Porter and Feig [20]) 
were assayed using the miniaturized assay. 

On field application 

The developed protocol was applied to the analysis of 
seawater samples. Surface samples were collected from 
selected sites of Messina shoreline differently impacted by 
urban wastes (Tremestieri, Pagliarisi, Annunziata, Tennis), 
filtered through a 0.45 pm pore size mixed cellulose esters 
filtering membrane (Millipore Corporation, Bedford, USA) and 
10 times concentrated by resuspension in sterile physiological 
saline, in order to obtain a signal detectable by the microplate 
reader. The (S-glucuronidase activity rates were reported as 
the maximal velocity of enzymatic reaction (V max ), which was 
calculated through the Lineweaver Burke transformation of 
each substrate concentration plotted versus the corresponding 
velocity of hydrolysis of IBDG substrate. V max values were 
multiplied by the initial concentration factor and reported per 
too ml of sample. 


Plate counts 

Contextually to the enzymatic assay, standard plate counts 
were carried out by culture method on m-FC agar medium [21], 
in order to compare and relate the measured ( 3 -glucuronidase 
activity rates with E. coli abundance. Blue colonies grown on 
m-FC agar were confirmed to be E. coli after addition of James 
indole reagent (Biomerieux, Marcy l’Etoile, France). 

Results 

Specificity test 

No positive results with the strains assayed in the specificity 
test were obtained, suggesting that the substrate IBGD was 
specifically metabolised by E. coli and that the enzymatic assay 
was specific for the detection of this microorganism. 

On field application to marine samples 

The substrate concentration ranges used here were the 
lowest concentrations able to give detectable OD values using 
a small sample volume (20 pi). The plots of the microplate 
measurements taken over time are shown in figure 1. The 
obtained microplate readings pointed out clearly the different 
range of magnitude of the OD values between the most 
(Tremestieri and Pagliarisi) and the least polluted (Annunziata 
and Tennis) stations; particularly, at the sites suffering more 
pollution, all the OD values were lower than 0.150, except for 


Pagliarisi 



2h 
3.5h 
—5 h 
— X — 7 h 
—X-— 21 h 





Figure 1: Beta-glucuronidase activity measurements in natural samples: plots of the Optical Density (O.D.) values overtime. 
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Discussion 

This study can be considered as a further contribute 
in the field of rapid analytical methods for environmental 
quality monitoring. In this context, the set-up of laboratory 
procedures allowing us to detect and quantify in short times 
(within a few hours) E. coli abundance, can play a strategic role. 
The developed protocol was applied to the analysis of natural 
samples collected from coastal sites more or less affected by 
fecal pollution, in comparison with the plate count method, 
for the quantitative determination of E. coli in seawater. The 
assay also included a preliminary step of concentration, which 
was necessary to overcome possible difficulties encountered in 
detecting E. coli in the case that this bacterium was present in 
low abundances in natural seawater. 

Previous experiments, performed through the incubation of a 
concentrated sample with the fluorogenic 4-metilumbellyferil- 
p-d-glucuronide (MUG) substrate, showed the suitability of the 
enzymatic method as a rapid tool for the screening of marine 
environments according to their pollution degree [7]. Following 
the same methodological approach (i.e. addition of multiple 
concentrations of the substrate), but modified through the use 
of the chromogenic IBDG substrate and automatic readings of 
the hydrolysis product, a new experimental protocol for the 
estimation of p-glucuronidase present in natural seawater 
samples was developed. 

Such method has been conceived with the final objective 
of miniaturizing the enzymatic assay and automating their OD 
measurements. Using the proposed procedure, it is possible 
to monitor indirectly the presence and distribution of E. coli 
in seawater. Compared to other technologies developed for 
the rapid detection of bacteria in recreational waters, the 
developed protocol offers also the advantages of working with 
low volumes of sample, disposable microplates, and simple 
instrumentation, therefore it is cheaper than other commercial 
diagnostic kits for E. coli detection based on molecular 
approaches [22-23]. 

The microplate reader can run a fully automated analysis 
of the substrate hydrolytic reaction and the p-glucuronidase 
activity rates can be available in short times, typically within 
a few hours. The frequency of automatic readings can be 
regulated according to the operator needs, but normally an 
incubation period of 2 hours is required to obtain a detectable 
signal. The use of IBDG in a liquid mixture also involves a 
significant decrease in the response time compared with its 
incorporation into a solid medium, for which at least 18 hours of 
incubation are normally needed to appreciate bacterial growth. 
Another important aspect is the high incubation temperature 
(44.5°C) set up in the assay, which increases the specificity 
of the reaction for E. coli. All these features make our assay 
particularly suitable to match with the requirements (speed 
and specificity of detection) for early warning of bacterial 
pollution in coastal monitoring. 

Conclusion 

The results obtained from the application of the developed 
enzymatic assay to naturally polluted samples are encouraging. 
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a peak recorded in Pagliarisi after incubation for 21 h. From 
the obtained results, it was observed that already after 2 
of incubation and even using a small volume of sample, the 
miniaturized method made a screening of the samples at 
different fecal pollution level possible. Moreover, for weakly 
polluted samples, the extension of the incubation period could 
increase the intensity of the enzymatic response. 

The different levels of enzymatic activity recorded at the 
examined stations were even more evident when the averaged 
substrate colour development (ASCD) was calculated, using the 
formula ASCD = E ((R - C)/number of measurements), where 
R is the averaged absorbance of the duplicate wells with IBDG 
substrate and C is the averaged absorbance of the control 
wells (without IBDG substrate). The colour development for 
each sample (Figure 2) highlighted the ability of the IBDG 
miniaturized assay to discriminate heavily from weakly 
polluted samples. 

The p-glucuronidase activity rates, reported as V max values, 
correlated significantly with plate counts, which showed 
concentrations of 5 . 52 XIO 2 , 6.oxio 2 , 3 . 24 XIO 2 and 5 . 40 XIO 2 CFU 
too ml 1 at the stations Tremestieri, Pagliarisi, Annunziata and 
Tennis, respectively (Figure 3 ). 


Average Substrate Color Development 



IBDG concentrations (micromoles) 


► -Tremestieri —O— Pagliarisi —A— Annunziata --■—Tennis 


Figure 2: Average substrate color development obtained in the natural samples 
with variable pollution levels. 
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Figure 3: Comparison between enzymatic activity rates (as Vmax, in pmol 100 ml-1 
h-1) and abundance (in Colony Forming Units/100 ml of sample). 
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The high p-glucuronidase activity rates measured in samples 
collected from the most polluted coastal areas are in agreement 
with the wide occurrence of E. coli as the main component of 
fecal coliform population in these environments. Moreover, the 
high content of organic matter available where anthropogenic 
inputs are present supports the active metabolism of bacterial 
cells which express their enzymatic activity. Taking into 
account these considerations, and not least its easiness of 
execution, the miniaturized enzymatic assay using IBDG can 
be proposed as a simple tool to detect p-glucuronidase activity 
as an indirect proxy of E. coli; the developed protocol can find a 
wide application in the screening of the microbiological quality 
of seawater and in the evaluation of potential risks to human 
health. 
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